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MEASURING DISTANCE USING GAS GAUGE
PROXIMITY SENSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.

No. 10/833,249, filed Apr. 28, 2004, (that 1ssued as U.S. Pat.
No. 7,021,120), which 1s herein incorporated by reference in

its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention relates to the field of gas gauges for use in
vacuum or ambient environments.

2. Related Art

A typical air gauge 1s very sensitive to environmental
elfects, such as the pressure, humidity, and temperature of the
air. One method of canceling out these effects 1s to use a
reference nozzle and a measurement nozzle. The measure-
ment nozzle uses air flow pressure differences to measure a
distance between the nozzle and a surface. For example, the
surface may be a semiconductor waler or LCD panel. The
reference nozzle discharges air toward a reference plate. The
surface of the reference plate 1s located at a pre-determined
distance from the reference nozzle. The distance of the mea-
surement nozzle to the surface can be determined by compar-
ing the difference between the reference air flow pressure and
the measurement airtlow pressure.

If the properties of environmental effects are uniform over
a large area, or if the measurement 1s low-resolution so that
minor fluctuations in the environment do not atiect the mea-
surement, the same environment should exist at both the
reference and measurement nozzles. These effects can be
canceled out relatively easily. However, this process becomes
ineffective when high-resolution measurements, such as
those on the order of nanometers, are required. When a small
measurement 1s needed, local environmental differences
between the measurement nozzle and the reference nozzle
significantly affect the measurements, even when the nozzles
are only a centimeter or two apart. If the environmental dii-
terences are variable and changing with time, a variable offset
results that causes an unpredictable measurement error.

For example, 11 there 1s a net air flow from one nozzle to the
other, a pressure difference exists between the two. If that air
flow changes, the pressure difierence changes, resulting 1n an
inaccurate measurement.

Measurement errors resulting from variable environments
are not predictable. This 1s important 1n many applications,
such as lithography. In lithography, movement of a waler
stage to different positions dramatically affects the local air
flow. Thus, offset caused by pressure diflerences 1s motion or
velocity dependent rather than fixed on the wafer. What 1s
needed 1s a gauge that remains unatlected by changes 1n the
local environment.

SUMMARY OF THE INVENTION

The present invention reduces the problem of changes in
the local environment by causing the measurement nozzle
and the reference nozzle to react as if they were co-located, or
located at approximately the same position. This 1s achieved
by venting the reference nozzle 1n very close proximity to the
measurement nozzle.

In the present mvention, a reference plate, located at a
distance from the reference nozzle, acts to close 1n the refer-
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ence nozzle and create a reference chamber. The reference
chamber 1s vented through a reference vent. The reference
vent 1s located in approximately the same location as the
measurement nozzle. Because of the vent, any environmental
changes, such as pressure, outside the vent will affect the
reference nozzle. Since the vent 1s located at approximately
the same position as the measurement nozzle, environmental
changes outside the vent will affect the measurement nozzle
and the reference nozzle in substantially the same way. In this
manner, the reference nozzle and the measurement nozzle
react to local environmental effects as 11 they are co-located.

The present invention may also be used where the ambient
environment 1s a vacuum. In a vacuum, gas exiting the mea-
surement nozzle may be stripped away by the vacuum before
accurate measurements can be made. Here, the measurement
nozzle 1s surrounded with an annular ring. The reference
chamber also forms an annular ring around the reference
nozzle. The annular ring around the reference nozzle 1s con-
nected to the annular ring around the measurement nozzle.
The reference annular ring and the measurement annular ring
act to co-locate the reference nozzle and the measurement
nozzle. To avoid choked flow, another annular ring may be
placed around the measurement annular ring. In this case,
choked flow conditions occur between the outer annular ring
and the vacuum, away from where the measurements are
taking place.

A series of annular rings may surround the measurement
annular ring, so that the pressure 1s stepped down 1n 1ncre-

ments from the measurement pressure to the vacuum.

Gas inlets and outlets from the annular rings act to 1nject
additional gas as needed, or remove excess gas from the
annular rings. This additional gas could be injected or
removed based on algorithms executed on a computer. The
algorithm could be based on experimental or computational
fluid dynamics models. The algorithms may use feedback
based on internal gauge sensor feedback or additional sensors
placed at various locations on the gauge structure. This sys-
tem may operate 1n a closed loop feedback system.

Further embodiments, features, and advantages of the
present ivention, as well as the structure and operation of the
various embodiments of the present invention, are described
in detail below with reference to the accompanying drawings.

BRIEF DESCRIPTION OF TH.
DRAWINGS/FIGURES

T

The accompanying drawings, which are incorporated
herein and form a part of the specification, illustrate the
present invention and, together with the description, further
serve to explain the principles of the mvention and to enable
a person skilled 1n the pertinent art to make and use the
invention.

FIG. 1A 1s a 3-D view of an air gauge according to an
embodiment of the present mnvention, showing a reference
nozzle and a measurement nozzle.

FIG. 1B 1s a 3-D view of an air gauge according to an
embodiment of the present invention, showing placement of
the reference plate.

FIG. 2 1s a side view of an air gauge according to an
embodiment of the present invention.

FIG. 3 15 a block diagram of an air gauge according to an
embodiment of the present invention.

FIG. 4 1s a diagram of flats of proximity for use 1n an air
gauge according to an embodiment of the present invention.

FIG. 5 1s a graph showing the effect of blower noise on a
conventional air gauge.
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FIG. 6 1s a flowchart of a method according to an embodi-
ment of the present invention.

FIG. 7 1s a block diagram of a conventional air gauge.

FIG. 8 1s a side view of a conventional air gauge.

FIG. 9A 1llustrates the effect of air flow on a conventional
alr gauge.

FIG. 9B 1llustrates the effect of blower noise on a conven-
tional air gauge.

The present invention will be described with reference to
the accompanying drawings. The drawing in which an ele-
ment first appears 1s typically indicated by the leftmost
digit(s) 1n the corresponding reference number.

DETAILED DESCRIPTION OF THE INVENTION

While specific configurations and arrangements are dis-
cussed, 1t should be understood that this 1s done for illustrative
purposes only. A person skilled in the pertinent art will rec-
ognize that other configurations and arrangements can be
used without departing from the spirit and scope of the
present invention. It will be apparent to a person skilled 1n the
pertinent art that this invention can also be employed in a
variety of other applications.

Introduction

In order to understand the benefits of the present invention,
it 1s helpiul to describe a generic system, such as that found 1n
U.S. Pat. No. 4,953,388 1ssued to Barada and U.S. Pat. No.
4,550,592 1ssued to Dechape, each of which 1s incorporated
herein by reference 1n its entirety. FIG. 7 1s a block diagram of
a conventional air gauge 700. An air pump 702 supplies air to
a mass tlow controller 704. Mass flow controller 704 main-
tains a constant rate of air flow 1nto air gauge 700. The air then
passes through filter 706 which removes impurities from the
air. After leaving filter 706, the air 1s divided into two chan-
nels. Channel 708 1s a measurement channel, which ulti-
mately leads to measurement nozzle 710. Channel 712 1s a
reference channel, which ultimately leads to reference nozzle
714. 'To ensure a common flow rate to measurement nozzle
710 and reference nozzle 714, flow restrictors 716 and 718 are
placed 1n measurement channel 708 and reference channel
712, respectively. Flow restrictors 716 and 718 also have the
elfect of damping out upstream pressure and tlow oscillations
or disturbances.

Measurement channel 708 and reference channel 712 are
connected via differential flow channel 720. Differential flow
channel 720 includes a mass air flow sensor 722. If the pres-
sure at measurement nozzle 710 1s substantially equal to the
pressure at reference nozzle 714, there 1s no flow across mass
air tlow sensor 722. However, 1f the distance between mea-
surement nozzle 710 and, for example, a water 724 changes
relative to the distance between reference nozzle 714 and
reference plate 726, the pressure at the measurement nozzle
will also change. This pressure differential creates a move-
ment of air from, for example, reference channel 712 to
measurement channel 708, through differential flow channel
720. This movement of air 1s detected by mass air tlow sensor
722. Once detected, the distance between measurement
nozzle 710 and water 724 can be measured.

An alternative configuration 800 1s illustrated in FI1G. 8. Air
enters through flow restrictors 806 and 808. Measurement
nozzle 802 and reference nozzle 804 are connected via dii-
terential flow channel 810 having a mass tlow sensor 812.
Reterence plate 814 and reference nozzle 804 create a refer-
ence gap 816.
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Non-Vacuum Environment

As mentioned above, the problem with conventional air
gauges 1s that they typically are not capable of accounting for
local environmental changes on a miniscule scale. FIGS. 9A
and 9B 1llustrate how local noise created by the air gauge
itself can adversely atfect a measurement. In FIG. 9A, air can
enter gauge 800 closer to one nozzle than the other. For
example, external air flow 902 enters gauge 800 closer to
measurement nozzle 802 than reference nozzle 804. This
causes a steady pressure differential between nozzles 802 and
804, which will appear as a measurement oiiset.

The distance between measurement nozzle 802 and refer-
ence nozzle 804 also allows the gauge to be adversely affected
by noise, such as blower noise 908, shown 1n FIG. 9B. Since
blower noise 908 impacts measurement nozzle 802 and ref-
erence nozzle 804 out of phase, a high frequency pressure
differential results. This pressure differential will appear as
measurement noise.

Therefore, when trying to minimize environmental differ-
ences between the reference nozzle and the measurement
nozzle, it 1s desirable for the reference nozzle and measure-
ment nozzle to be as close together as possible. However,
structural limitations often prohibit the nozzles from being as
close as 1s necessary. The present mvention overcomes this
limitation by treating the reference nozzle and the measure-
ment nozzle as if they are co-located (located 1n approxi-
mately the same place). This 1s achieved by venting the ref-
erence nozzle in very close proximity to the measurement
nozzle.

FIGS. 1A and 1B are broad illustrations of the co-location
concept according to the present invention. As shown in FIG.
1A, reference nozzle 102 of gauge 100 1s located near mea-
surement nozzle 104. Even though reference nozzle 102 1s
fairly close to measurement nozzle 104, local environmental
differences may exist between the two nozzles. FIG. 1B 1llus-
trates how a reference plate 106 creates a reference chamber
108 (shown 1n broken lines) around reference nozzle 102.
Retference chamber 108 1s vented at reference vent 110. Ret-
erence vent 110 opens at approximately the same location as
measurement nozzle 104. Since reference plate 106 mhibits
air flow within reference chamber 108, the pressure within
reference chamber 108 1s substantially 1dentical to the pres-
sure at measurement nozzle 104. Likewise, the pressure at
reference nozzle 102 is also substantially identical to the
pressure at measurement nozzle 104. In this manner, refer-
ence nozzle 102 and measurement nozzle 104 react as though
they are co-located. This reduces and/or eliminates the mea-
surement offset and noise caused by external air flow and
pressure changes.

FIG. 2 further 1llustrates the concept of co-location. Gas
enters gas gauge 200 at inlet 202. The gas 1s split into refer-
ence channel 204 and measurement channel 206 via tlow
restrictors 208 and 210, respectively. Gas 1s directed from
measurement nozzle 216 toward a surface 222. Surface 222
may be, for example, a semiconductor water or LCD panel.
Measurement nozzle 216 may include a nozzle-shaped tool.
In another embodiment, measurement nozzle 216 1s simply
an opening at the end of measurement channel 206.

Gas 1s also directed from reference nozzle 214 toward a
reference plate 218. In one embodiment, reference nozzle 214

includes a nozzle-shaped tool. In another embodiment, refer-
ence nozzle 214 1s simply an opening at the end of reference

channel 204.

Mass flow sensor 212 measures the gas tlow between rei-
erence channel 204 and measurement channel 206. Although
in the present invention, reference nozzle 214 is physically
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separate from measurement nozzle 216, reference plate 218 1s
extended so as to provide a vent to the surroundings at refer-
ence vent 220.

Vent 220 1s close to measurement nozzle 216. This forms a
reference chamber 224. Because the openings to measure-
ment nozzle 216 and reference nozzle 214 (through reference
chamber 224) are co-located, environmental effects at mea-
surement nozzle 216 atfect reference nozzle 214 simulta-
neously. For example, 1f blower noise or external air flows
past measurement nozzle 216, reference nozzle 214 1s
alfected as well. Since each nozzle 1s affected 1n a substan-
tially identical manner, changes in the ambient temperature or
pressure can be cancelled out.

Vacuum Environment

FIG. 3 1s a side view of an embodiment of the present
invention that may be used mn a vacuum environment.
Although gauge 300, shown 1n FIG. 3, will be described with
reference to a vacuum, one of skill in the art will recognize
that gauge 300 may also be used 1n a non-vacuum environ-
ment.

A reference gap, or optimal distance, 1s shown as reference
gap 302. Reference gap 302 1s vented into an annular ring 304
surrounding reference nozzle 306. This forms a reference
chamber. Although the annular rings will be referred to as
such 1n the present example, a person skilled 1n the relevant art
will recognize that an annular ring may simply be an annular
volume. Annular ring 304 1s connected to annular ring 308 via
balance tube 320. Annular ring 308 surrounds measurement
nozzle 310 and forms a measurement chamber. The volume of
the reference chamber 1s substantially equal to the volume of
the measurement chamber. Since the measurement chamber
(annular ring 308) surrounds measurement nozzle 310, the
pressure 1n the measurement chamber 1s approximately equal
to the pressure at the measurement nozzle. Balance tube 320
maintains approximately equal pressure in the reference
chamber and the measurement chamber. Thus, measurement
nozzle 310 and reference nozzle 306 are subject to the same
environmental pressure, and react as though they are co-
located.

If a gas gauge 1s used 1n a vacuum environment, there 1s a
significant pressure difference between the environment and
the gas being blown out. The large pressure difference
between the gas input and the vacuum creates a high-velocity
flow and a condition called *“choked flow.” Choked flow
occurs when the upstream flow rate cannot be increased by a
reduction of downstream pressure because the flow rate 1s at
its maximum. In other words, flow at the exit plane has
reached a Mach number of unity, the maximum for 1sotropic
flow. I1 this condition 1s reached, 1t will adversely affect the
measurement precision at measurement nozzle 310. This 1s
because information about conditions in the exhaust flow
cannot be transmitted upstream. Therefore, measurement
nozzle pressure or flow rates are not affected by further
change such as volume increase due to measurement gap
increase or decrease. Valuable information 1s thereby lost,
since the sensor 1s trying to determine measurement gap
increase or decrease. The present invention corrects for
choked flow by placing another annular ring 312 around
measurement nozzle 310, effectively moving the choked flow
transition away from the measurement and reference nozzles.
This allows a stable measurement chamber at a higher pres-
sure than the ambient environment. For example, the pressure
within annular rings 308 and 312 may be 1 psi, with a vacuum
surrounding. Because of the additional annular ring 312,
choked flow only occurs between annular ring 312 and
vacuum 314, away from measurement nozzle 310.

10

15

20

25

30

35

40

45

50

55

60

65

6

Additional gas may be supplied to annular rings 308 and
312 through gas inlets 316 and 318, respectively. One reason
for injecting gas 1nto the annular rings 1s that some gas may
leak 1into vacuum 314. Injecting gas through gas inlets 316
and 318 keeps the pressure within gauge 300 high enough for
accurate measurements. Conversely, mlets 316 and 318 can
be used as outlets for venting excess gas. For example, 1f a
measurement pressure of 1 ps11s desired, but the outer annular
ring 1s stepped down to a pressure of 0.5 psi, gas may be
vented from annular ring 312 through inlet 318.

A plurality of annular rings may be substituted for annular
ring 312. This allows the pressure to drop 1n increments from
measurement annular ring 308 to vacuum 314. Thus, the
pressure can still be controlled while measurement nozzle
310 1s further builered from any choked flow. This also allows
the measurement nozzle to be builered from the resulting
pressure shockwaves that occur in the exit stream as Mach
flow 1s reached or the flow 1s choked, since flow cannot
expand i1sentropically.

One or more of sensors 324, 326, and 328 may be included
in gauge 300. Sensors 324, 326, and 328 may be tlow sensors.
Alternatively, they may be pressure sensors. One of skill in
the art will recognize that any combination of pressure and
flow sensors may be used. In addition, one of skill 1n the art
will recognize that sensors similar to sensors 324, 326, and
328 may be used 1n other locations of gauge 300 as needed.

FI1G. 4 1s an 1llustration of the annular rings according to an
embodiment of the present invention. Measurement nozzle
310 1s shown in the center of FIG. 4. Annular ring 308 sur-
rounds measurement nozzle 310. Annular ring 312 surrounds
annular ring 308. The shaded areas in FIG. 4 represent flats of
proximity 402, 404, and 406. These are areas of, for example,
gauge 300 that are very close to the measured surface 322. It
1s this proximity to surface 322 that gives rise to choked flow
conditions between the annular rings and vacuum 314. Sen-
sors 324 and 328 for measuring the flow and/or pressure
between the annular rings are also shown.

It may be undesirable for gas from gauge 300 to be vented
into vacuum 314. Thus, gas may be removed at annular ring
312 to keep the gas from leaking. Alternatively, 11 a specific
gas does not affect the properties of the vacuum, that specific
gas may be used throughout gauge 300 to mimimize contami-
nation due to leaks. In one embodiment, nitrogen 1s used as
the measurement gas. In another embodiment, argon 1s the
measurement gas. In yet another embodiment, the measure-
ment gas 1s a combination of gases.

FIG. 5 1s a graph depicting the effect of blower noise on a
typical air gauge, such as that described with respect to FIG.
7. FIG. 5 includes results from two measurement channels,
AG1 and AG2. When the air blower i1s turned off, as shown 1n
area 502, the two measurement channels can be easily mea-
sured. As shown, an offset exists between times when the
blower 1s on and times when the blower 1s off. This offset 1s
caused by a blower-induced pressure difference between the
measurement nozzle and the reference nozzle. Further, when
the air blower 1s turned on, as shown 1n areas 504 and 506, so
much noise 1s added to the system that an accurate measure-
ment cannot be made.

FIG. 6 1s a flowchart of a method 600 for measuring dis-
tance to a surface according to the present invention.
Although method 600 will be described herein with reference
to the structure of FIG. 2, one of skill in the art will recognize
that method 600 may be used with any gauge implementing
the present invention, such as that described 1n FIG. 3.

In step 602, gas 1s directed from an opening 1n a measure-
ment channel to a surface. For example, gas may be directed
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from measurement nozzle 216, which 1s an opening 1n mea-
surement channel 206, toward surface 222.

In step 604, gas 1s directed from an opening 1n a reference
channel to a reference plate. For example, gas may be directed
from reference nozzle 214, which 1s an opening in reference
channel 204, toward reference plate 218.

In step 606, the gas from the reference channel 1s vented to
a vent that 1s approximately co-located with the opening in the
measurement channel. For example, gas from reference chan-
nel 204 may be vented through reference chamber 224 having
vent 220. Because of the proximity of vent 220 to measure-
mentnozzle 216, any environmental changes at measurement
nozzle 216 emanate through reference chamber 224. Thus
reference nozzle 214 reacts as though 1t 1s co-located with
measurement nozzle 216.

In step 608, the mass gas tlow between the reference chan-
nel and the measurement channel 1s measured. For example,
mass gas tlow sensor 212 measures the flow between refer-
ence channel 204 and measurement channel 206. This mea-
surement 1s ndicative of a pressure differential between red-
erence channel 204 and measurement channel 206.

In step 609, gas may be added or removed based on addi-
tional pressure or flow sensors as well as computation algo-
rithms. The additional pressure or flow sensors may be similar
to sensors 324, 326, and 328 shown 1n FIG. 3. The computa-
tional algorithms may be based on the additional sensors
and/or an 1nternal air gauge sensor feedback mechanism. The
computational algorithms could also be based on experimen-
tal results or fluid dynamics theory such as Fanno or Raleigh
lines, where choked flow conditions and transitions are
attempted to be controlled, much like in supersonic nozzle
design. The implementation of these algorithms may result 1in
a closed loop feedback pressure system. The closed loop
teedback pressure system may interact with the gas gauge
measurement itself. Higher level algorithms may process this
information, resulting in the final gauge feedback.

In step 610, a distance between the measurement channel,
such as measurement channel 206, and the surface, such as
surface 222, 1s determined. This difference 1s based on the
pressure differential and the distance from the reference chan-
nel, such asreference channel 204, to the reference plate, such
as reference plate 218. If the distance between the measure-
ment nozzle and the surface 1s the same as the distance
between the reference nozzle and the reference plate, gas
directed from the measurement nozzle will hit the surface at
the same pressure that gas from the reference nozzle will hit
the reference plate. However, 11 the measurement distance 1s
not substantially equal to the reference distance, gas from the
measurement nozzle will not hit the surface at the same pres-
sure as gas from the reference nozzle hits the reference plate.
The resulting pressure differential will be detected by the
mass flow sensor. Thus, using the pressure differential and the
reference distance, the measurement distance can be deter-
mined.

CONCLUSION

While various embodiments of the present invention have
been described above, 1t should be understood that they have
been presented by way of example only, and not limitation. It
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will be apparent to persons skilled in the relevant art that
various changes 1n form and detail can be made therein with-
out departing from the spirit and scope of the invention. Thus,
the breadth and scope of the present invention should not be
limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claims and their equivalents.

What 1s claimed 1s:

1. A method for measuring distance to a surface, compris-
ng:

(a) directing gas from a measurement nozzle located in a

measurement channel to said surface;

(b) directing gas from a reference nozzle located 1n a ref-
erence channel to a reference surface;

(¢) venting said reference nozzle at a position co-located to
said measurement nozzle, such that ambient pressure at
said reference nozzle 1s approximately equal to ambient
pressure at said measurement nozzle;

(d) determining a pressure differential between the mea-
surement channel and the reference channel; and

(¢) determining a distance between the measurement
nozzle and the surface based on the pressure differential
and a fixed distance.

2. The method of claim 1 further comprising directing
additional gas or removing gas using a sensor based on com-
putation algorithms to control choked flow conditions or tran-
sitions.

3. The method of claim 1 further comprising removing,
choked flow conditions between said measurement nozzle
and reference volume.

4. The method of claim 1, wherein said reference surface
comprises a reference plate and 1s located at a fixed distance
from said reference nozzle.

5. The method of claim 1, wherein said gas 1s argon or
nitrogen.

6. A method for measuring distance to a surface within a
vacuum, comprising:

(a) directing gas from a measurement nozzle located in a

measurement channel to said surface:

(b) directing gas from a reference nozzle located 1n a ref-
erence channel to a reference surface;

(¢) venting said reference nozzle at a position co-located to
said measurement nozzle, such that ambient pressure at
said reference nozzle 1s approximately equal to ambient
pressure at said measurement nozzle;

(d) injecting or venting gas nto one or more annular rings
surrounding the measurement and/or reference nozzles
to provide an appropriate gas pressure level within the
measurement and reference nozzles:

(¢) determining a pressure differential between the mea-
surement channel and the reference channel; and

(1) determining a distance between the measurement
nozzle and the surface based on the pressure differential
and a fixed distance.

7. The method of claim 6, wherein said reference surface
comprises a reference plate and 1s located at said fixed dis-
tance from said reference nozzle.

8. The method of claim 6, wherein said gas 1s argon or
nitrogen.
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